Background--Recently, it has been demonstrated that rescuers could safely provide a low, static downward force in direct contact with patients during elective cardioversion. The purpose of our experimental study was to investigate whether shock delivery during uninterrupted chest compressions may have an impact on cardiopulmonary resuscitation (CPR) quality and can be safely performed in a realistic animal model of CPR.
F
or many decades, it has been a well-trained practice to make sure that hands are "off" during standard defibrillation and shock delivery. But in clearing the patient, chest compressions are necessarily interrupted. 1 On the other hand, the quality of cardiopulmonary resuscitation (CPR) is crucial, and therefore, the latest resuscitation guidelines emphasized minimization of chest compression interruptions 2, 3 and identified reduction of no flow time as an important issue of CPR quality. 4 One key to more success in CPR quality may be uninterrupted chest compressions with fewer "Hands-Off" phases in the context of shock delivery. Defibrillation technology has been improved over recent years, as external defibrillators provide a biphasic waveform impulse within milliseconds with reduced peak voltages. In addition, pregelled self-adhesive electrode pads provide adequate electrical contact to the patient and more safety for the rescuer compared with handheld paddles because of their nonconductive backing.
Recently, Lloyd et al demonstrated that elective cardioversion could be safely performed in men when rescuers were in direct manual contact with the patient, providing a low, static downward force of 9.1 kg (20 pounds). 5 Furthermore, the average leakage current flowing through the rescuer's body for each phase of the defibrillation impulse was below several recommended safety standards for leakage current, and none of the shocks was perceptible to the rescuer. However, this study was limited by the artificial circumstances and does not represent a realistic scenario of CPR. A systematic literature search previously revealed a total of 29 adverse events that were reported with tingling sensations and minor burns as consequences of inadvertent shocks; however, no case report could be identified in which medical personnel or bystanders sustained a life-threatening condition. 6 The purpose of our experimental study was to investigate whether hands-on defibrillation combined with uninterrupted chest compressions may have an impact on CPR quality and can be safely performed in a realistic scenario of CPR.
Methods
This was an experimental study on 20 healthy Goettingen miniature pigs aged 1 to 3 years of both sexes weighing 34.5 kg (30.8 kg; 38.9 kg). The project was approved by the Animal Investigation Committee of the Christian-Albrechts University of Kiel, Germany, and animals were managed in accordance with institutional guidelines and the Utstein-style guidelines. 7 All animals received human care in compliance with the "Guide for the Care All investigators performing chest compressions in this study were healthcare professionals with knowledge and experience of the risks of defibrillation attempts. They all were informed about currently available case reports on defibrillator misuse or malfunction 6 and about the findings of Lloyd and his team. 5 Informed consent of the investigators was implicit in the design of the study.
Animal Preparation
The animals were fasted overnight but had free access to water. Anesthesia was initiated by intramuscular injection of azaperone (2 mg/kg), esketamine (1 mg/kg), and atropine (0.02 mg/kg) and was completed by ear vein injection of propofol (1 to 2 mg/kg) and sufentanil (0.3 lg/kg). After endotracheal intubation, pigs were ventilated with a volumecontrolled ventilator (tidal volume 10 mL/kg, FiO 2 0.3, positive end-expiratory pressure 5 mmHg). To maintain normocapnia, the respiratory rate (15 to 20 per minute) was adjusted to end-tidal carbon dioxide (etCO 2 ) that was monitored by an inspired/expired gas analyzer. Intravenous anesthesia was maintained by continuous infusion of propofol (4 to 6 mg/kg per hour) and sufentanil (0.5 lg/kg per hour). Ringer's solution (10 mL/kg per hour) was administered continuously throughout the preparation phase to replace fluid loss during instrumentation. A standard leads II and V 5 electrocardiogram was used to monitor heart rhythm. Depth of anesthesia was judged according to blood pressure and heart rate. Swine do not respond to painful or auditory stimuli under this anesthetic regimen. A 7 F saline-filled central venous catheter was inserted in the left internal jugular vein for drug administration and a 7 F saline-filled sheath contralaterally. A 4 F catheter was inserted percutaneously into the right femoral artery to determine mean arterial blood pressure. Intravascular catheters were attached to pressure transducers that were aligned at the level of the right atrium. All catheters were flushed with isotonic saline containing 10 IU/mL heparin at a rate of 3 mL per hour to prevent obstruction. Normothermic body temperature was maintained at 311 K (100.4°F or 37.9°C) in all animals with a heating blanket throughout the study period.
Defibrillation Protocol
Pregelled self-adhesive defibrillation electrodes with nonconductive backing (corPatch easy, Leonhard Lang GmbH, Innsbruck, Austria) were attached onto the torso in the ventrodorsal direction (1 electrode on the right half of the anterior thorax and a second electrode in a posterolateral position on the left thorax) and connected to a biphasic defibrillator (corpuls3, GS Elektromed. Geräte G. Stemple GmbH, Kaufering, Germany; Figure 1 ). Transthoracic impedance was measured by the defibrillator. Animals were randomized by using closed envelopes before the beginning of the project either to (1) hands-on defibrillation, where rescuers wore 2 pairs of usual medical polyethylene gloves and defibrillation was delivered during ongoing chest compressions or (2) hands-off defibrillation, where hands were taken off during defibrillation. In the hands-on group, chest compressions were interrupted for brief rhythm analysis only when either a marked increase of arterial blood pressure or etCO 2 was observed, suggesting spontaneous circulation. We provide a video file in the Online Data Supplement, which provides an example of hands-on defibrillation and successful resuscitation.
Two investigators were prepared as rescuers and randomly assigned to begin resuscitation by manual chest compressions. Switching the compressor was performed every 4 minutes lasting less than 2 seconds. Rescuers wore usual operating-theater clogs (designated as antistatic according to EN standard 344) standing on a metallic surgical step stool with the upper part of their bodies positioned above the pig's torso. To perform chest compressions safely -also during hands-on defibrillation -rescuers wore 2 pairs of usual polyethylene examination gloves, as undetected glove lesions could not fully be excluded. Except for the rescuer's gloved hands, there was no other electrical contact with the pig, especially no wet conditions. The designated rescuers were connected to a Holter ECG (CardioDay Holter ECG, Getemed, Teltow, Germany) in order to record heart rate and to analyze potential cardiac arrhythmia. Standard leads I and II were obtained. In addition, all recordings were reviewed and edited by a well-trained cardiologist blinded to the treatment group. The total number of potential premature atrial contractions, premature ventricular contractions, bigeminy, and salvos was counted.
Experimental Protocol
Following hemodynamic measurements at baseline, ventricular fibrillation was electrically induced by an alternating current of 5 to 10 V and 1 to 2 mA by a 5 F pacing catheter. Mechanical ventilation and anesthesia were discontinued after cardiac arrest, which was identified by a ventricular fibrillation pattern on the ECG and a systolic arterial blood pressure <25 mmHg. To prevent clot formation, the animals received heparin (100 IU/kg) prior to induction of cardiac arrest. After a 7-minute nonintervention interval of untreated ventricular fibrillation, basic life support CPR was simulated for 2 minutes, applying external manual chest compressions at a rate of 100 per minute with a 50% duty cycle, a compression depth of 25% of the anterior-posterior diameter of the chest wall, and ventilations with 100% oxygen at 12 breaths per minute. Subsequently, advanced cardiac life support was started with alternating administration of 15 lg/kg epinephrine and 0.3 IU/kg vasopressin every second minute. The first biphasic defibrillation attempt was administered after a total of 4 minutes of chest compressions at 3 J/kg according to the 1-shock protocol and was repeated every 2 minutes with increasing energy up to 4 J/kg as suggested by the AHA guidelines 9 ( Figure 2 ). Return of spontaneous circulation (ROSC) was defined as maintenance of an unassisted pulse and a systolic aortic blood pressure ≥60 mm Hg lasting for 10 consecutive minutes according to the Utstein-style guidelines. 7 CPR was terminated when resuscitation remained unsuccessful for 23 minutes.
After ROSC anesthesia was restarted by continuous infusion of propofol (4 to 6 mg/kg per hour) and sufentanil (0.5 lg/kg per hour). The FiO 2 was reduced 15 minutes after ROSC to 0.5 to avoid hyperoxia and further decreased to maintain the saturation of peripheral oxygenation (SpO 2 ) between 94% and 96%. During the initial postresuscitation period, animals received crystalloid infusions to keep mean arterial blood pressure above 50 mm Hg and central venous pressure above 5 mmHg. If this first step failed, additional (nor)-epinephrine was administered to keep mean arterial blood pressure above 50 mmHg. Four hours after ROSC, animals were euthanized by an overdose of sufentanil, propofol, and potassium chloride. Postmortem examination was routinely performed for documentation of potential injuries to the thoracic and abdominal cavities during CPR.
Measurements

CPR comparability measures
To confirm that both groups received similar CPR except for the defibrillation technique, the CPR time to ROSC, number of shocks, cumulative defibrillation energy, and vasopressor doses as well as end-tidal carbon dioxide, blood lactate, and pH (measured by an automatic blood gas analyzer: GEM 4000, Instrumentation Laboratory GmbH, Munich, Germany) were recorded during CPR.
CPR efficacy measures
We defined the number of ROSC per group, the no flow ratio, and the coronary perfusion pressure (CorPP) restoration ratio as efficacy measures. The no flow ratio was calculated as the ratio of cumulative chest compression interruption intervals divided by the total CPR time. 10 Since it needs several chest compressions to restore CorPP to its pre-interruption level, restoration time was calculated as the interval from restarting CPR to the moment when CorPP reaches its pre-interruption level (Fig. 3) . If restoration failed, the restoration time was defined as the interval from restarting CPR to the next interruption. CorPP restoration ratio was calculated as the cumulative CorPP restoration time divided by the total CPR time. Further, it was tested whether lactate distribution (washout) differed between groups.
CPR safety measures
As safety measures, we defined for the rescuer the perception of any inadvertent event due to defibrillation as well as cardiac arrhythmia (detected in Holter ECG recordings within 12 hours after resuscitation). As an important parameter of current conduction, transthoracic impedance in swine was measured by the defibrillator. Postmortem examination of the thoracic and abdominal cavities of the swine was carried out for detection of any injury.
Statistical Analysis
Data from each resuscitation episode were collected and are expressed as median [25%; 75% quartile] or scatter plot diagrams with medians unless otherwise specified. Statistics were performed using commercially available statistics software (GraphPad Prism version 5.01 for Windows, GraphPad Software Inc, San Diego, CA). Survival rates were compared using Fisher's exact test taking dichotomous variables (treatment groups and survival) and 2-sided P values. Data for CPR comparability as well as no flow and restoration times were analyzed by the Mann-Whitney U test for nonparametric and unpaired data. CPR time to ROSC was compared by survival analysis with a subsequent log-rank test. Distribution of blood lactate over time was compared by ANOVA (2-way).
Results were considered statistically significant at P≤0.05.
The authors had full access to the data and take full responsibility for its integrity.
Results
CPR Comparability Measures
CPR data in groups were comparable (eg, number of shocks, cumulative vasopressor dose, and etCO 2 ) and did not differ significantly. Survival analysis for time to ROSC did not reveal significant differences between groups (log-rank test, P=0.7021). Survival curves illustrate CPR time to ROSC in both groups (Figure 4 ). Detailed data of treatment groups are presented in Table 1 .
CPR Efficacy Measures
ROSC was achieved in 9 of 10 animals in the hands-on group compared with 8 of 10 animals in the hands-off group (not significant).
To analyze differences between hands-on and hands-off defibrillation, it was necessary to exclude animals that responded to the first defibrillation attempt with ROSC from further analysis (3 animals hands-on, 2 animals hands-off). For example, swine that receive just 1 shock will plausibly have a restoration time of 0 regardless of the used defibrillation method, as chest compressions were immediately stopped because of increasing blood pressure or etCO 2 . In the hands-on group, chest compressions were interrupted for 0.8% [0.6%; 1.4%] of the total CPR time (versus 8.2% [4.2%; 9.0%] in the hands-off group; P=0.0003). . Survival analysis did not reveal significant differences between groups in the duration of cardiopulmonary resuscitation (log-rank test, P=0.7021). In prolonged resuscitation swine tend to benefit from hands-on technique.
of CorPP was significantly lower in the hands-on group (1.9% [1.3%; 2.4%] of the total CPR time) compared with the handsoff group (6.3% [2.8%; 10.8%] of the total CPR time; P=0.0205). Individual no flow times and restoration times are plotted in Figure 5 . Lactate distribution over time did not significantly differ between groups and is presented in Figure 6 . However, peak lactate concentration appeared earlier in the hands-on group (5 minutes after ROSC) compared with the hands-off group (2 hours after ROSC).
In the hands-on group, interruptions for rhythm analysis were performed 34 times when either a marked increase in blood pressure or etCO 2 was observed. Spontaneous circulation could be confirmed 13 times (38%).
CPR Safety Measures
Overall, 37 shocks were delivered in the hands-on group. Rescuers felt the muscular contraction of the pig's body but never any kind of electric stimulus. Holter ECG analysis did not reveal any serious cardiac arrhythmia event in any rescuer ( 
Discussion
During CPR, "Hands-Off" periods are traditionally used to prevent potential harm to rescuers during defibrillation and for rhythm analysis, but these pauses interfere with current recommendations emphasizing the importance of chest compressions. Little attention has yet been paid to strategies to further reduce pauses, for example, by uninterrupted manual chest compressions during defibrillation.
We have shown-to the best of our knowledge for the first time-that hands-on defibrillation (1) shortens CPR pauses, (2) hastens restoration of preinterruption coronary perfusion pressure, and (3) could be safely performed in a realistic porcine model of CPR. sum of all chest compression (CC) interruption intervals related to total cardiopulmonary resuscitation (CPR) time (A) and restoration ratio of coronary perfusion pressure (CorPP) as the ratio of cumulative restoration time of CorPP to total CPR time (B) for each swine that received >1 shock (hands-on group n=7, hands-off group n=8; we excluded from further analysis 3 animals in the hands-on group and 2 animals in the hands-off group that received only 1 shock). Scatter plots with medians are shown. Three animals in the hands-on and 2 animals in the hands-off group that received only 1 shock were excluded from analysis.
CPR Quality
The adverse hemodynamic consequences of delays and pauses between chest compression and defibrillation have been clearly demonstrated. 11 In our animal model, preventing hands-off periods shortened CPR pauses and hastened restoration of coronary perfusion pressure, thereby improving the quality of chest compressions. Moreover, the peak of lactate was observed much earlier in the hands-on group, suggesting a more intensive reperfusion 5 minutes after ROSC. However, we did not find any difference in terms of ROSC rate, as this study was not designed or powered to find differences between survivors and nonsurvivors but rather to describe CPR quality. To show more clearly the advantages of hands-on defibrillation, further animal studies should probably use a longer period of cardiac arrest, as survival curves show a tendency that hands-on defibrillation may be superior in prolonged resuscitation (Figure 4) . Although no flow time was extremely short in the hands-on group, no flow time was also very short in the hands-off group, probably because of the strict standardization in our experimental setting, as chest compressions were interrupted for only 8.2% of the total CPR time. In many clinical studies, however, reported "Hands-Off" no flow times are much longer, ranging between 12% and 48%. [12] [13] [14] Thus, one may speculate that the difference in resuscitation quality and effectiveness between hands-on and hands-off techniques may even become more relevant in clinical practice. Furthermore, uninterrupted chest compressions would at least represent a protocol simplification of CPR. From our experience, however, hands-on defibrillation raises an important issue: How can successful resuscitation reliably be detected during uninterrupted chest compressions such that CPR can be stopped? There have recently been substantial improvements in external defibrillation technology. Enhancements of ECG filtering may permit rhythm analysis during chest compressions, which unfortunately was not implemented in the defibrillator used in our study. Because chest compressions caused motion artifacts in the ECG, resulting in difficulties recognizing the correct rhythm, we defined potential resuscitation success by a marked increase of either blood pressure or etCO 2 during CPR. Concerning these conditions, interruptions for rhythm analysis were performed 34 times in the hands-on group, but retrospectively 62% of all interruptions in the hands-on group were unnecessary. On the other hand, we also cannot exclude that some swine may have gained spontaneous circulation much earlier, for example, in the case of an undetected successful shock attempt during ongoing chest compressions. Therefore, more sophisticated ECG filter software integrated into defibrillators may be needed to enable analysis of ECG rhythms during ongoing chest compressions and to avoid unnecessary pauses. Berger and colleagues previously developed a motion artifact reduction system, based on adaptive noise cancellation techniques, that allowed automated rhythm discrimination during uninterrupted CPR. 15 In addition, Li et al recently presented a wavelet-based transformation and shape-based morphology detection for ECG rhythm classification. 16 
CPR Safety
Induction of cardiac arrhythmia and ventricular fibrillation in the rescuer himself or herself is certainly the most feared complication during defibrillation. However, leakage current varies widely depending on the type of equipment and Heart rate, range 46 to 132 41 to 95
The coinvestigators performing chest compressions were connected to a Holter ECG. The records did not reveal any serious cardiac arrhythmias. Neither bigeminy nor salvos were detected. Data are expressed as median [25%; 75% quartile] and mean±SD and for heart rate as the range from lowest to highest observed heart rate.
exposure. Given a certain discharge voltage of the defibrillator, the lower the skin impedance of the patient (eg, by good electrode contact) and the higher the impedance of the rescuer (eg, by wearing polyethylene gloves), the lower the leakage current through the rescuer. A recent review by Petley et al explained the physical principles of hands-on defibrillation in a very detailed manner. 17 In our study, median transthoracic impedance was 64Ω in both groups, reasonably comparable to human data and suggesting good electrical contact. [18] [19] [20] We did not measure intracardiac current flow in swine. Because transthoracic impedance and the used defibrillation energies did not significantly differ between the groups, we hypothesized that, according to Ohm's law, intracardiac current might not be significantly different either. Modern external defibrillators with biphasic shocks and real-time impedance compensation technologies adjusting either voltage or phase duration have previously reduced peak voltages and impulse duration. Furthermore, paddles have been replaced in many settings by defibrillation electrodes, which result in better and more consistent electrode-skin coupling. These circumstances provide the basis for a safe application of hands-on defibrillation during continuous manual chest compressions throughout the resuscitation period. Within the constraints of our model, none of the 37 shocks was perceptible as an electric stimulus. This is supported by the findings of Lloyd et al that none of the volunteers sensed the shocks because the maximum value of leakage current was below a well-accepted threshold of perception. 5 In addition, Holter ECG analysis did not reveal any serious cardiac arrhythmia event in any rescuer. The registered premature contractions were within a physiological range.
There are several points that may have limited our results: First, both long-term survival and neurological outcome were not evaluated because of limitations posed by governmental regulations. Second, blinding the investigators was not possible throughout the experiment, but hemodynamic variables, blood gases, and Holter ECG data were analyzed in a blinded fashion. Third, we used self-adhesive defibrillation electrodes and rescuers wore examination gloves. Before defibrillation protocols can be changed, however, more definitive data are needed to make absolutely sure there is no risk. Such studies have to focus on different scenarios including handheld paddles, miscellaneous defibrillator technologies, high-impedance patients, wet and metal surfaces, no-gloves situations, and resuscitation scenarios within limited space. Because we observed a pronounced effect on reduction of no flow time, we also encourage investigation into other technical solutions for safe application of hands-on defibrillation strategy. We emphasize that the safety of rescuers is an absolute requisite. Therefore, we recommend the safety checklist from our laboratory (Table 3) . Fourth, defibrillation caused an intense contraction of the pig's skeletal muscles. Although we did not observe severe injuries in either swine or rescuers, it is imaginable that in humans there might be a potential risk of trauma to the patient or the rescuer in the case of a simultaneous forcible compression and an intense contraction of the patient's body. Fifth, handson defibrillation is currently off-label use. Therefore, further studies are urgently needed before hands-on defibrillation can be incorporated into daily routine.
Because most of the existing case reports about accidental shocks to responders or bystanders do not give detailed information about the circumstances, we will soon provide an online register at http://www.hands-on-cpr.net for the optional use of recording adverse events of defibrillation attempts in a structured manner.
Conclusions
Uninterrupted manual chest compressions during shock delivery are feasible. Considering the limitations of our experimental model, hands-on defibrillation shortens CPR pauses and hastens restoration of coronary perfusion pressure, which is known to be predictive of resuscitation outcome. Hands-on defibrillation may have the potential to eliminate hazardous delays from "all-clear" periods during resuscitation and may thereby improve CPR quality. However, inadequate ECG rhythm analysis during CPR is still a limiting factor. To further reduce unnecessary interruptions, more sophisticated ECG filter software integrated into defibrillators is probably needed to enable adequate ECG analysis during ongoing chest compressions. We have demonstrated that hands-on defibrillation can be safely performed during ongoing chest compressions. Nevertheless, using a checklist of safety precautions should be recommended during hands-on defibrillation, and further studies are urgently needed before hands-on defibrillation can be implemented in clinical practice. For further studies on hands-on defibrillation, we recommend the safety checklist used in our laboratory.
